Roof strength is critical to survival in rollover accidents in railcars. In this task using LS-DYNA software different scenarios are examined in order to strengthen railcar roof and to improve the crashworthiness features against rollover. The performance of each scenario is investigated through presenting the results of crushing behavior and energy absorption versus displacement response. Eventually, the best solution providing the highest ratio of "Energy absorption per Mass" among the studied model is presented.
INTRODUCTION
Roof collapse and buckling are the major cause of rollover head and neck injuries to both ejected and nonejected occupants. In rollover occupant compartment integrity and good resistance against deformation are essential. In railway industry testing is extremely expensive, new models of railway vehicles circulate and new passenger cars are put into service without being subjected to experimental testing. However, virtual testing and numerical modeling may be acceptable in the design cycle.
On the other hand, various performance standards concerning crashworthiness of motor vehicles in case of rollover accidents have been introduced. Standards like FMVSS 216 (for cars), FMVSS 220 and ECE r66 (for buses) are accompanied by numerous publications on the subject.
However, currently, there are few standards and published works addressing the desired behavior of passenger railcars in rollover. Due to similarity between structure of transit buses and railcars, and in absence of a comprehensive rollover test standard for the latter, in a study by Cuartero, J. et al. [1] , the European standard -ECE r66-has been implemented to study the crashworthiness of a metro car. Although the above-mentioned study proves such railcars to be exceedingly safe when tested by this standard, an investigation on the Waterfall train crash poses concern on safety of the existing fleet, since in their design "rollover is not generally envisaged or catered to"(Rechnitzer G. et al. [2] ).
Inspired by the work of Cuartero et al., a recent paper by the authors of the present work implemented FE software and modified ECE r66 to study the crashworthiness of a section of a passenger railcar. That study also investigated the effectiveness of usuall methods for strengthening the structure, i.e. using thicker components and upgraded steel (Hosseini Tehrani,P. and Riazi, S. [3] ). Moreover, in the mentioned study, without any major change in the design of the structure, a certain reinforcing component was installed and proved to be effective.
In this work, the objective is to study a wider range of possibilities for improving crashworthiness of passenger railcars. Initially, a variety of reinforcing components are studied without changing the original design of the wagon. Afterward, some changes are made in the profile of main pillars to examine the suitability of alternative designs. Eventually, the best solution providing the highest ratio of "Energy absorption per Mass" among the studied model is achieved.
NUMERICAL MODEL

Body Parts
Based on a number of published works on buses, it is clear that it is computationally cost effective to perform the numerical analysis on a "segment" of a bus. This method is approved by ECE r66 (Addendum 65: Regulation No. 66, 2006). Therefore, According to the definition given in the standard for a segment, in this paper a section of the railcar is chosen and shown in Fig. 1 . The shown sections are later referred to as Base Model and consist of the following parts:
1. The underframe, including longitudinal and lateral beams; 2. The side walls, composed of vertical pillars and horizontal rails; 3. The top flange, connecting the pillars to the roof structure; 4. The roof structure, including arches, rails and bars.
Initial and Boundary Conditions
As illustrated in Fig. 2 , a moving rigid wall hits the wagon structure at an angle of 19.5 degrees. The rigid wall has a mass of 2580.75 kg and its initial velocity is considered 5 m/s. The wagon is assumed to be stationary and the shell elements at the lowest part of the underframe have no degrees of freedom. This is to avoid the modeling difficulties of the tilting bench method (Addendum 65: Regulation No. 66 [4] ) and to provide pure crash event resulting in shorter simulation time. 
Elements
The CAD model is based on a structure used by Wagon Pars Company for passenger railcar. FE model of this section is made by 16107 four-node shell elements with Belytschko-Tsay formulation. Table 1 shows different phases of the simulations. Analysis 0 represents base model, i.e. original railcar as designed by the manufacturer.
SIMULATION SCENARIOS
Reinforcing Components
Analyses 1 through 3 are designed to investigate the effect of thickness change of the crossbar, a reinforcing component that is added to the base model as shown in Fig. 3 . In these analyses the thickness is increased by the increment of 1 mm. the thickness of crossbar used in the first model is considered 2 mm.
Analysis 4 introduces another component -the bottom stiffeners-, which strengthen the joints between the underframe and the pillars as illustrated in Fig. 4 . It is then followed by analysis 5 that studies another type of stiffeners with the same area but different dimensions as shown in Fig. 5 . Analysis 6 addresses the use of top stiffeners along with the crossbar type 1, to stiffen the pillar-crossbar joints (Fig. 6 ). Further, analysis 7 deals with the use of the top stiffeners and crossbar type 3. Also, analysis 8 studies the combined effect of the crossbar, bottom and top stiffeners as indicated in The concept of a reinforcing box (Fig. 8) is introduced in analysis 9 where it is used along with bottom stiffeners.
This configuration is combined with the crossbars in analysis 10. In analysis 11, the combined effect of bottom stiffeners and crossbars are investigated (Fig. 9) .
Analysis 12 addresses the use of Reinforcing Plates and the bottom stiffeners as shown in Fig. 10 , while analysis 13 supplements this design by the use of crossbars. 
Alternative Designs
In contrast to simulations presented in the former section, in alternative solutions, there will be considerably less fidelity to the original design i.e. pillar profile undergoes some modifications. The last row of Table 1 shows the simulation scenarios for the alternative designs.
Analysis 0 is the original model with s-profile used in the pillars. In Analysis 14 the s-profiles of the main pillars are replaced with box type counterparts. In Analysis 15 aluminum box-profile pillars are used.
It is also important to determine how number of roof arches affects the crashworthiness. If it is of little importance, then it will be possible to decrease the overall weight of the structure by decreasing number of these members, without compromising the crashworthiness capability of the structure. This is especially useful when the extra weight added by the reinforcing components has to be removed in some way. Therefore, analysis 16 and 17 investigate the effect of decreasing and increasing number of roof arches respectively (Figs. 11 and 12) . 
MODEL VALIDATION
Due to similarity between a passenger railcar structure and that of a transit bus, the actual rollover test results of an M3 bus was chosen as the means of verification. The experimental test was conducted as part of the ECBOS project in accordance to the ECE R66 (G. Belingardi et al. [5] ). To gain confidence on the reliability of numerical models of the present study, an FE model based on the above-mentioned test was constructed. In Fig. 13 time histories of relative displacements of two certain points, which is shown in Fig. 14 , are indicated. As it can be seen, the results of the FE simulation are in close accordance with the experimental tests. As Fig. 14 shows the deformed shape of the bus section in actual and FE tests are very similar. Table 1 refers to the rollover test of the main model. As it is shown in Fig. 15 , while the kinematic energy of the rigid wall decreases, the internal energy increases and the total energy remains almost constant. Moreover, hourglass energy is little.
SIMULATION RESULTS
Analysis 0 of
According to ECE r66, the permissible amount of non-physical energy components like "hourglass", is maximum 5 % of total energy [4] . In analysis 0, satisfaction of this condition ensures the right energy balance. In addition, for the rest of the simulations in this research, hourglass energy is little and lies within the mentioned criteria. First order reduced-integration elements (which happen to be the very type of elements generally used in explicit solvers) suffer from hourglassing. These elements only have one integration point; because of this the elements can shear without introducing any energy. FEA codes which rely on 1st order reduced integration elements counter this by introducing hourglass energy. In situations where these elements would otherwise shear, this augmented energy keeps this from happening. This is reflected in the reported hourglass energy values. High hourglassing energy is often a sign that mesh issues may need to be addressed. Figure 16 depicts the results of analyses 0 through 3. As seen, the use of crossbar (analysis 1) has significantly increased the absorbed energy. In the absence of crossbars, for any given distance that rigid wall travels, the right sidewall undergoes more deformation than the left wall, which means less participation of the left wall in energy absorption. But, when the crossbars are present, for the same displacement of the rigid wall, the left sidewall absorbs more energy and the deformation of the structure is more symmetrical which leads in higher overall energy absorption (Fig. 17a,b) . It can also be seen that thicker crossbars result in slightly higher energy absorption. It is now appropriate to define Use of dimensionless parameter β facilitates the comparison between suitability of each improvement method. For example as Table 2 indicates, for analysis 1 through 3, even when thicker and heavier crossbars are used, β is increased. 
By observing the deformation of the base model at "pillar-under frame" joints, the need to use stiffeners is made clear in Fig. 17(a) . In analyses 4 and 5 of Table 1 , bottom stiffeners (Figs. 4 and 5) are used and the results could be seen in Fig. 18 . It is interesting that stiffener type 2 has remarkably increased the energy absorption in comparison with the type 1, which has the same mass. As Table 2 indicates, these stiffeners have improved parameter β by 22.7 % and 42 % respectively. Figure 19 belongs to analyses 6 through 8 which implement another strengthening component, the top stiffener. Top stiffeners improve the strength of pillar-crossbar joints and are most effective when used in conjunction with the bottom stiffeners (Fig. 7) . In such case, β increases up to 71 %.
As it is seen in Fig. 20 , when bottom stiffeners are used, plastic hinges move upward and at their new location, pillars undergo severe deformation and sudden collapse. Therefore the design of the bottom stiffeners needs to be improved. This leads into the use of Box reinforcements that are used alongside the bottom stiffeners as illustrated in Fig. 8 . The Box reinforcements are strengthening components added to the base model at the location of plastic hinges and improve the energy absorption when used with crossbars (Fig. 21) . It is seen that β will increase up to 2.13 times the original value. As mentioned earlier, when bottom brackets are used, it is imperative to strengthen the new location of the plastic hinges. Plate reinforcements in models 12 and 13 ( Fig. 10) are another design to eliminate this shortcoming. As Fig. 22 indicates, this design results in energy absorption of 16 KJ or about 2.5 times of the original design when used with crossbars in model 13. It is useful to know how the original pillar profiles could affect the energy absorption during rollover. According to Table 2 , in analyses 1 and 2, the s-shaped profiles have been replaced with box profiles, and instead of the original steel in analysis 2, aluminum has been used. Table 3 states specifications of steel and aluminum used. As Fig. 23 shows, the use of steel box profile has significantly increased the absorbed Table 3 . Steel and aluminum specifications. energy, compared with the base model. Also, aluminum box-profiles have improved this feature too. It is interesting that changing the pillar profiles increased β for 2.53 and 1.49 times the original design for steel and aluminum pillars respectively. As mentioned earlier, knowing how the number of roof arches affects the crashworthiness is useful. In analyses 16 and 17 of Table 2 , the number has been altered to 4 and 6 arches respectively. Figure 24 shows the absorbed energy for these simulations. β values for analysis 16 and 17 suggest that omitting or adding one roof arch has no significant effect on the energy absorption of the structure. Therefore, it is a good strategy to omit one roof arch to decrease the overall mass of the structure. 
CONCLUSIONS
In this work the crushing behavior of a section of the railcar subjected to a moving rigid wall that hits the wagon structure at an angle of 19.5 degrees was studied. Using a number of numerical models the following important conclusions are drawn:
The use of crossbar has significantly increased the absorbed energy. The cross bars transmit the forces to the other sidewall and as a result, the deformation of the structure is more symmetrical, which leads in higher overall energy absorption. It can also be seen that thicker crossbars result in slightly higher energy absorption.
Bottom stiffeners could remarkably increase the energy absorption. Bottom stiffener type two in comparison with the type one, which has the same mass has improved the parameter β by 42 % against 22.7 %.
Top stiffeners improve the strength of pillar-crossbar joints and are most effective when used in conjunction with the bottom stiffeners. In such case, β increases by as much as 71 %.
When bottom stiffeners are used, plastic hinges move upward and at their new location, pillars undergo severe deformation and sudden collapse. Therefore the design of the bottom stiffeners needs to be improved. This leads into the use of box reinforcements that are used alongside bottom stiffeners. The Box reinforcements are strengthening components added to the base model at the location of plastic hinges and improve the energy absorption when used with crossbars. In this way β will increase up to 2.13 times its original value.
Bottom brackets are essential to strengthen the railcar and to move the plastic hinges to new locations which results in more energy absorption and less deformation. This design results in energy absorption of 16 KJ or about 2.5 times of the original design when used with crossbars in model 13.
The use of steel box profile has significantly increased the absorbed energy, compared with the base model. Also, aluminum box-profiles have improved this feature too. It is interesting that changing the pillar profiles increased β for 2.53 and 1.49 times the original design for steel and aluminum pillars respectively.
It is shown that omitting or adding one roof arch has no significant effect on the energy absorption of the structure. Therefore, it is a good strategy to omit one roof arch to decrease the overall mass of the structure.
